Angiotensin-converting enzyme (ACE) plays a central role in blood pressure regulation by producing the vasoconstrictor angiotensin II. When ACE knockout mice were studied, they presented with a complicated phenotype, including cardiovascular, reproductive, hematologic and developmental defects. The complexity of an ACE knockout mouse emphasizes the advantages and disadvantages of the classic knockout strategy. An animal lacking all ACE is very different from a wild type animal, and can be modeled as representing an extreme phenotype. To understand the role of ACE in a tissue and organ specific fashion, our group used targeted homologous recombination to create mouse models in which a promoter swapping strategy results in very restricted tissue patterns of ACE expression. Mice with ACE expression only in the heart, termed ACE 8/8 mice, present with atria enlargement and electrical conduction defects, but normal ventricular function. Mice with ACE expression only in monocytes and macrophages, termed ACE 10/10 mice, have a marked resistance to the growth of melanoma due to an enhanced immune response characterized by increased tumor specific CD8 + T cells and increased proinflammatory cytokines. These mice may define a new means of augmenting the immune response, potentially useful in human clinical situations. The promoter swapping strategy permits scientific investigation of questions unapproachable by other experimental approaches.
Introduction
It is now well accepted that the renin-angiotensin system plays an important role in blood pressure regulation and a variety of other physiologic systems. This is apparent from the characterization of knockout mice lacking angiotensin-converting enzyme (ACE), angiotensinogen or angiotensin II receptors. 1 In particular, ACE knockout mice present with low blood pressure, reproductive defects, electrolyte abnormalities, anemia, and kidney defects. 2, 3 The complexity of an ACE knockout mouse emphasizes the advantages and disadvantages of the classic knockout strategy. An animal lacking all ACE is very different from a wild type animal, and in fact can be modeled as representing an extreme phenotype. While such a phenotype is interesting and illustrative of the many different roles of the renin-angiotensin system, it also has drawbacks. The total lack of a protein is not necessarily physiologic and the cascading complexity of secondary effects can have obfuscating results in terms of understanding the direct and primary role of a protein like ACE. For example, the lack of ACE leads to low blood pressure. This itself undoubtedly has secondary effects, which may lead to an altered physiology and can complicate studies on the role of ACE apart from blood pressure control. Others have realized the limitation of a total knockout and have approached genetic manipulation in mice through cre-lox systems in which there is tissue specific removal of the protein of interest. While this is a viable approach for many proteins, the wide physiologic regulation of renin expression suggested that a selective loss of ACE might have little physiologic consequence.
In order to understand the role of ACE in a tissue specific fashion, our group envisioned a mouse with ACE expression limited to selected tissue types. Thus, instead of creating an animal that only lacked ACE in one organ, our idea was to create a mouse model in which only the kidney or only the heart would express this protein. Our hope was that this approach would allow unique experimental insight into the tissue specific role of the renin-angiotensin system. In order to create such an animal, we adopted the approach of promoter manipulation. This concept is based on a view of a gene as being composed of two essential, but separate, components. The exons of a gene contain the coding information leading to the primary amino acid structure. In contrast, the promoter region contains the instructions as to when and where the protein will be made. Thus, our hypothesis was that by changing the promoter region, while leaving the coding regions intact, we would essentially reprogram the expression of ACE.
ACE 3/3 -Hepatic expression of ACE
In order to test this approach, our group first constructed a mouse (termed ACE 3/3) in which the albumin promoter was substituted for the endogenous somatic ACE promoter. 4 More specifically, gene targeting was used to insert a specialized neomycin cassette downstream of the natural ACE promoter ( Fig. 1 ). Both through physical distance and the presence of a strong transcriptional terminator in the neomycin cassette, this was designed to eliminate the influence of the intrinsic ACE promoter. Downstream of the neomycin cassette, we further positioned an albumin promoter which now controlled the expression of the ACE gene. In a sense, this approach models the translocations often seen in leukemias, in which gene rearrangement positions two different genes in juxtaposition. However in our case, the use of a well-defined promoter region allowed us to predict the expressional pattern of ACE in the resulting mouse.
In the terminology adopted by our laboratory, the ACE 3 mouse has ACE expression driven by the albumin promoter. A mouse heterozygous for this mutation is termed ACE 3/wt, while a homozygous mouse is designated ACE 3/3. ACE expression was carefully evaluated in these mice by ACE activity assays, western blot analysis and immunohistochemistry. ACE 3/3 mice express abundant ACE on the surface of hepatocytes (a wild type mouse expresses virtually no ACE by such cells). In contrast, ACE 3/3 mice make no ACE in vascular tissues such as endothelium or the vascular adventitia. While a wild type mouse expresses abundant ACE in the lung due to the high content of endothelium, no lung ACE is made by ACE 3/3 mice. Thus, the reorganization of the ACE promoter markedly changed the tissue patterns of ACE expression.
What are the advantages and disadvantages of this approach? First, the ACE 3/3 mouse allowed us to ask important scientific questions that would not be approachable using classical knockout technology. In particular, the ACE 3/3 model addressed the question of whether vascular ACE was required for the normal control of blood pressure, or whether the presence of ACE at any location within the animal would suffice. Careful analysis showed that ACE 3/3 mice had a blood pressure indistinguishable from wild type or heterozygous animals. These studies are a dramatic demonstration that, given the normal ability to regulate renin expression, homeostasis can be maintained without the localized production of angiotensin II at the endothelial surface.
Using our approach, it is also easy to create compound heterozygous mice. One such animal is termed ACE 1/3 in which the "1" allele is an ACE null allele. 5 Thus, the ACE 1/3 mouse has only one functional ACE allele, and this targets ACE expression to the liver. Similar to the ACE 3/3, the ACE 1/3 mouse has an absolutely normal blood pressure. The loss of a single ACE allele leads to compensatory up regulation of renin expression, an enhancement of circulating angiotensin II levels and a compensated physiologic state characterized by normal blood pressure.
There are other potential advantages of the promoter manipulation approach. For example, the hepatocytes of a wild type mouse produces virtually no ACE. Thus, it would be quite difficult to engineer an animal only producing ACE in the liver using the standard cre-lox approach. Since now, many promoter regions are well characterized, the promoter manipulation approach offers the possibility of designing mice, not only with specific expression patterns of a protein, but also with individual tissue expression levels that are higher or lower than that seen under natural physiologic conditions. In other words, swapping promoters provides a potential plasticity of expression that would be difficult to achieve with a standard cre-lox approach.
Our approach also has potential drawbacks. The mice we study were created using targeted homologous recombination in embryonic stem cells. This technology is intrinsically slower than that used in creating transgenic mice. However, as compared to a standard transgenic approach, we create mice in which ACE expression is limited to those tissues recognizing the promoter region driving ACE expression. This contrasts to standard transgenic methodology in which tissue over expression of a protein is found on top of the natural distribution of that protein. A final consideration is that the use of targeted homologous recombination creates a model with a known and easily verified genotype. In contrast, transgenic methodology often creates multimers of the transgene and can result in secondary genetic changes due to chromosomal breakage and rearrangement. Finally, our experience indicates that the major determinate of success or failure in using the promoter swapping approach is the strength and specificity of the new promoter chosen to control expression of the gene of interest. For example, our group used the γ-glutamyl transpeptidase promoter to create a mouse with ACE expression limited to the kidney. 6 While some ACE was indeed made, the levels were so low (3% of normal or less) that the resulting mice essentially resembled knockout animals. The use of a different renal specific promoter, the KSP-cadherin promoter, 7 gave a satisfactory result with strong renal specific expression of ACE (unpublished data). A we demonstrate below, the use of well-characterized and moderately strong or strong promoters results in experimental models that are both unique and startling in their phenotype.
ACE 8/8 -Cardiac ACE Expression
Our group used the cardiac specific α-myocin heavy chain (α-MHC) promoter to target ACE expression to the heart. 8 The reason for creating this model was to isolate ACE and angiotensin II formation in the myocardium. This animal was designed to investigate the important question of whether increased levels of angiotensin II are deleterious to cardiac function. Homozygous mice with this mutation are called ACE 8/8.
The cardiac specific α-MHC promoter is often portrayed as only recognized by cardiomyocytes. In fact, the original paper characterizing the promoter also found some expression in lung tissue, specifically in the vascular smooth muscle cells of the pulmonary veins. 9 This pattern was recapitulated in the ACE 8/8 mouse, in which ACE expression was markedly elevated in myocardium and there was some patchy expression in lung parenchyma. In contrast, these mice make no renal ACE and no ACE in vascular endothelium. Due to a low level of ACE expression in normal cardiac tissue, cardiac ACE expression in the ACE 8/8 mice was about 100-fold that of the wild type level. ACE 8/8 mice present with a cardiac phenotype characterized by atrial enlargement, marked reduction of connexin 43 expression and atrialventricular conduction defects (Fig. 2 ). 10 While electrical burst pacing of ventricles induced no ventricular tachycardia in wild type mice, the same stimuli induced transient ventricular fibrillation in a majority of the ACE 8/8 mice. Despite a blood pressure only slightly less than normal, ACE 8/8 mice have enhanced mortality, presumably due to the conduction defects within the heart and ventricular arrhythmias. The localized production of ACE in the heart results in this tissue having an angiotensin II concentration of at least twice normal. Despite this, the ventricles of ACE 8/8 mice showed no hypertrophy and no real increase in fibrosis, and they were able to develop ventricular pressure profiles equivalent to wild type mice. One possible explanation for the different response of atrial and ventricular myocardium to ACE over-expression may lie in the intrinsic property of the α-MHC promoter, which is active in the atria starting from early embryonic development, but is expressed postnatally predominantly in the ventricles. 11
One of the questions addressed in this experimental model was the ability of the kidney to produce a concentrated urine in the absence of all renal ACE expression. An important caveat of this experiment is to examine a model in which blood pressure is not substantially reduced. Investigation of renal concentrating ability in ACE 8/8 mice showed that this was not markedly different from wild type mice. 9 After 24-hour water restriction, ACE 8/8 mice produced urine with osmolalities substantially above 3,000 mOsm/L. Undoubtedly this reflects the fact that the kidney structure is normal in ACE 8/8 mice and that the presence of ACE in myocardium does allow for the generation of angiotensin II. This, plus the presence of many non-angiotensin II mediated systems contributing to a concentrated urine, produced a normal phenotype. Nonetheless, this experiment demonstrates that the local production of angiotensin II within the kidney is not necessary for achieving high urine osmolalities.
In terms of the cardiac phenotype of ACE 8/8 mice, we can provide a partial physiologic explanation. The reduction of cardiac connexin 43 levels is associated with conduction defects. 10 As to how the over expression of cardiac ACE influences connexin expression, this is still under investigation. In particular, our group is creating ACE 1/8 mice, a compound heterozygous model in which one ACE allele is null while the second ACE allele targets ACE expression to myocardium. Such an animal should also present with elevated cardiac angiotensin II levels but will achieve this with lesser cardiac over expression of the ACE protein. Further, we are investigating ACE 8/8 mice that are also null for angiotensinogen protein expression. Such mice are genetically unable to produce angiotensin II, but can still produce other peptide substrates for ACE. These models are designed to investigate the specific role of angiotensin II in the ACE 8/8 model.
ACE 10/10 -ACE Over expression by Macrophages
Our group has recently reported a mouse model, called ACE 10/10, in which ACE is over expressed by monocytes and macrophages. 12 The model is the result of positioning the cfms promoter to control ACE expression. This promoter is recognized by monocytes and cells of a similar origin such as Kupffer cells and microglia. 13 The ACE 10/10 model was originally created to study the origins of atherosclerosis. Over the last several years, the concept that atherosclerosis is the result of an aberrant inflammatory process within blood vessels has gained much credence. In fact, there is substantial evidence to suggest that inflammatory cell production of angiotensin II may play a role in this process. 14, 15 Using the c-fms promoter, we created the ACE 10/10 mice in which ACE expression is not only limited to monocytes and macrophages, but ACE levels are also markedly augmented in these cells types. Thus, ACE 10/10 mice are not particularly physiologic in that their monocytes and macrophages have a 15 to 80-fold increase of ACE expression, depending on which assay is used to measure ACE. Put another way, monocytes and macrophages from wild type mice produce very limited quantities of ACE; these tissues produce abundant ACE in the ACE 10/10 model. In contrast, ACE 10/10 mice express no ACE by endothelium or in renal tissues. Despite this, these mice have blood pressures and a renal function indistinguishable from wild type mice.
In order to investigate atherosclerosis in this model, it is necessary to breed the ACE 10 allele with animals that lack ApoE expression. The idea is to compare atherosclerotic development in ApoE knockout mice with ApoE knockout mice that are also ACE 10/10. These experiments are still in progress. However our group recently reported a very unexpected and exciting phenotype of the ACE 10/10 mice, a resistance to the growth of melanoma.
The B16 melanoma is a widely used model for tumor formation in mice. B16 cells were derived from a C57BL/6 background tumor. 16 They are easily cultured in vitro, and when injected into the skin of a mouse, will produce a thumbnail sized tumor in approximately two weeks. Such a model is often used to investigate angiogenesis in mice. When ACE 10/10 mice were implanted with B16 melanoma, we noticed the unusual results shown in Figure 3 . The growth of tumors in ACE 10/10 mice was substantially reduced as compared to littermate wild type mice. This phenotype was both pronounced and highly reproducible.
Our group spent substantial effort characterizing the enhanced tumor resistance of ACE 10/10 mice. For example, different B16 tumor cell substrains were tested. Also, the ACE 10/10 phenotype was placed into partially outbred, as well as genetically inbred mouse genetic backgrounds. In all instances, mice over expressing monocyte and macrophage ACE had enhanced resistance to melanoma. One of the most important questions was whether the enhanced tumor resistance was due to the presence of ACE in monocytes/macrophages or the absence of ACE by endothelium. We investigated this using two approaches. First, ACE 3/3 mice were tested for tumor growth. As discussed above, these mice also lack endothelial ACE. In this model, tumor growth was indistinguishable from wild type mice. Second, ACE 10/10 mice were treated with ACE inhibitors. If the resistance of this strain to tumor growth was due to the lack of ACE in endothelium, then further inhibition of ACE should have no effect. What we found was that ACE 10/10 mice treated with an ACE inhibitor showed substantially more pronounced tumor growth than present in non-treated ACE 10/10 animals. In fact, ACE 10/10 mice treated with an ACE inhibitor showed no statistical difference in tumor growth from wild type mice treated with an ACE inhibitor. Taken together, these data strongly suggest that it is the presence of ACE in the ACE 10/10 model that is responsible for the enhanced tumor resistance.
One of the most important experiments we performed was bone marrow transplantation into wild type mice. In this experiment, wild type C57BL/6 mice were lethally irradiated and then salvaged by bone marrow transplantation with bone marrow from ACE 10/10 or litter mate wild type mice. This experiment was performed after substantial back breeding of ACE 10/10 mice to the C57BL/6 strain. After allowing two months for the bone marrow to repopulate, these mice were challenged with B16 melanoma. Thus, this experiment examined a population of animals with normal endothelial expression of ACE, where the only difference was bone marrow transplantation from the ACE 10/10 or wild type mice. Again, the result was very clear-cut, with those animals receiving the ACE 10/10 bone marrow showing substantially smaller tumors than animals receiving the wild type bone marrow. 12
Our group investigated the role of angiotensin II in this phenomenon using two approaches. In a genetic approach, angiotensinogen knockout mice were bred so that they were either wild type or ACE 10/10 in terms of ACE expression. Despite the inability of all these mice to produce angiotensinogen (or angiotensin II), those animals with the ACE 10/10 phenotype, showed enhanced resistance to melanoma growth. In a second approach, AT1 receptor antagonists were used. Here again, ACE 10/10 mice receiving AT1 receptor antagonists showed no difference in the growth of tumor, as compared to untreated ACE 10/10 mice. Thus, both a genetic and a pharmacological approach suggest no major role of angiotensin II in the ACE 10/10 phenotype.
Our group has now collected substantial evidence that the tumor resistance of ACE 10/10 mice is associated with a difference in the immune response of these mice, as compared to wild type animals. These data include the finding that ACE 10/10 mice develop greater numbers of CD8 + cytotoxic T lymphocytes directed at tumor antigens. Further, there is substantial evidence that the cytokine levels in ACE 10/10 mice are different from those observed in wild type animals. Specifically, ACE 10/10 cells demonstrate enhanced expression of the proinflammatory cytokine IL-12 and decreased expression of the anti-inflammatory cytokine IL-10. This pattern is observed in response to tumor cells, as well as after stimulation with agents such as lipopolysacharide (LPS).
In retrospect, perhaps it is not surprising that mice expressing the peptidase ACE in macrophages and other antigen presenting cells have a different immune response. These cell populations are responsible for stimulating the immune response by presenting small peptides, bound to MHC class I proteins, on their cell surface. This leads to the hypothesis that the over expression of ACE modifies the ability of these cells to process and present such peptides, perhaps resulting in an enhanced immune stimulation. In fact, there is now little doubt that cells from ACE 10/10 mice show an enhanced ability to present peptides (unpublished data).
Previous work by others has developed the concept that macrophages can be activated in a way that either promotes the immune response (characterized by enhanced killing of tumors) or, following a different developmental pathway, reduces the immune response (a state promoting tumor growth). 17, 18 The proinflammatory macrophages are often termed 'classically activated macrophages' or 'M1' macrophages, while macrophages thought to suppress the immune response are often termed 'alternatively activated' or 'M2' macrophages. The phenotype of cells seen in ACE 10/10 mice (increased numbers of cytotoxic lymphocytes, increased IL-12 and decreased IL-10) is precisely the phenotype observed in the classically activated cells.
Future Perspectives
In this article, we laid the scientific basis for why our group created mice with restricted tissue expression of ACE. The major motivation was to investigate the tissue specific role of the reninangiotensin system and to ask scientific questions that could not be approached using another methodology. One of the major dividends of this approach has been the unexpected observation that the over expression of ACE in monocytes and macrophages influences the immune response to implanted melanoma. We wish to emphasize that ACE 10/10 mice markedly over express ACE in immune cells; conclusions from these mice cannot be retrofitted to human patients taking ACE inhibitors. Nonetheless, our findings in ACE 10/10 mice open the possibility of a new means of addressing tumor therapy. At the very least, they represent an understudied area of immunology, namely, how the manipulation of antigen presenting cell peptidase expression can influence the immune response. It is our hope that, as we understand this phenomena further, we will develop the ability to further modify the immune response against cancer, and also perhaps against chronic viral infections. If this dream becomes a reality, it would be another example of a novel experimental approach leading to unexpected findings with important clinical ramifications. At the very least, our studies emphasize the physiologic importance of the renin-angiotensin system and the utility of this system in the study of a variety of biological phenomena. The finding that the manipulation of ACE expression can influence the immune response is only the latest interesting finding in which the renin-angiotensin system has served to elucidate diverse biological questions. During the 109 years that this system has been studied, it has provided insight into questions from the regulation of gene expression to the clinically important areas of heart failure and blood pressure control. Tissue specific gene expression. The top portion of the figure shows the organization of the wild type ACE allele. The two promoter regions, indicated by arrows, give rise to the somatic and testis isozymes of ACE. Exons are indicated by black boxes. A testis specific exon is indicated in grey. The BssHII restriction site is positioned between the transcription and translation start sites. The bottom portion of the figure indicates our approach to targeted expression of ACE. A neomycin resistance cassette blocks the effects of the intrinsic ACE promoter. 3' of this, a tissue specific promoter, such as the albumin promoter, is positioned to control ACE expression. Melanoma growth in ACE 10/10 mice. 1 × 10 6 B16-F10 tumor cells were injected into the skin of ACE 10/10 homozygous (10/10), heterozygous (HZ) and wild type (WT) mice. At days 11 and 14 after injection, the size of the tumors was measured. Data points from individual mice, as well as the group means ± standard errors, are shown. At 14 days, ACE 10/10 mice (◊) have much smaller tumors than present in wild type mice (◻).
